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In this thesis, work completed at the Department of 
Aeronautics of the Naval Postgraduate School ase pant Ot that 
Department's research into the development of advanced 
Simao CONCEPtS USing digital electronic flight control in 
eo Navy tactical combat aircraft is described. In con- 
eimment work, Carter [Ref. 1], discusses in part the 
motivation for and the scope of this research program. 
Briefly reviewing Reference 1, it is desired to expand the 
momerecatlion of digital flight control technology to the 
memsvowing areas: 

MumeivcStigation Of active control prevention of departure 


from controlled flight. 


Le) 


Comparative testing of new control law algorithms. 
3. Evaluation of modern control techniques such as optimal 
control, observers, and model following control. 
@eemormilation of degraded flight conditions for combat 
survivability studies. 
ms discussed in Reference 1, computer simulation of a 
digital fly-by-wire aircraft was deemed the best initial 
approach in studying the topics listed above. The Navy/ 
McDonnell Douglas F/A-18 is such an aircraft, and in fact is 
Meemerrst Us. 5. aircraft in production to use a digital 


fly-by-wire control system. In Reference 1, the computer 


modeling of the longitudinal axis control system of the 
F/A-18 is described. In this thesis, the model is extended 
mommies lateral-directional axes to complete the control 
System model. Future incorporation of an F/A-18 aerodynamics 
Simulation by Raithel [Ref. 2] and non-linear equations of 
motion will result in a complete "flying" computer model of 
the F/A-18. 

The computer model was developed on the Naval Postgrad- 
uate School's IBM Model 3033 general purpose mainframe 
Semeuter. the code is written for the IBM Company's 
Continuous System Modeling Program (CSMP) [Ref. 3], which is 
a Fortran application program designed to simulate dynamic 
memeetis, ihe text, "A Guide To Using CSMP" by Speckhart and 
Green [Ref. 4], provides most of the documentation necessary 
to use CSMP. CSMP has several advantages over a conventional 
Eeeenan program for this simulation. First, CSMP includes 
34 built-in functions which serve to model most of the block 
diagrams encountered in control systems engineering. These 
memetlons are analogous to Fortran functions. Second, CSMP 
Can accommodate user-defined functions, called macros, and 
can also call standard Fortran subroutines and functions. 
irae, Output formatting, either printed or graphical, is 
handled by CSMP using just a few statements. Finally, the 
time base and numerical integration routines are provided 
by CSMP. One might consider the primary disadvantage of 


me iPetor pe lack of user control over the built-in functions 


and numerical methods. For this simulation CSMP proved 
jmembenwa very eifective tool. 

iaeenapter Il, an overview of the F/A-18 flight control 
System is provided and the assumptions made and limitations 
feamememmodeling process are discussed. In Chapter III, the 
ieemoacolocy and nomenclature of the computer program are 
tmemmmacd. in Chapter IV, the tests and results used to 
validate the model are presented. Conclusions and recommen- 
femmons are in Chapter V. Appendix A contains block diagrams 
of the F/A-18 flight control system as modeled, including the 
meeeerous longitudinal model developed by Carter [1]. Changes 
Mim@omenclature and arrangement to Carter's model have been 
teem incorporating it into the current model; these are 
Beentially Secle one mE ppChah« Bo tsethe Computer program 
Mmeetime in CSMP of the F/A-18 flight control system as 
[eee d, agadin, readers of Carter's program will note some 


mieiees In its form here to suit the overall program. 


Pec eelomgiGmn |) MGONTROL SYSTEM 


The F/A-18 flight control system is described in detail 
in the McDonnell Aircraft Company's F/A-18A Flight Control 
eyeoeem Design Report [Ref. 5]. In this chapter, basics of 
the system are discussed and portions used in the model are 
indicated. 

Mime £lisht control system is a digital fly-by-wire 
electronic control augmentation system which uses a four- 
channel parallel network of computers, electronic circuit 
elements, and associated wiring. The system is entirely 
electronic from pilot controls/feedback sensors to the 
@omerol surface actuators. The actuators are redundant 
electrohydraulic servo mechanisms with the exception of the 
leading-edge flap system which is a hydraulically-powered 
meeany mechanical system. Backup mechanical control of the 
Stabilators is available, and the stabilator, aileron and 
Beer Ssurtaces have a backup analog Direct Electric Link 
mimeemeonevent Of a total digital computer failure. Control 
surfaces are stabilators, ailerons, dual rudders, leading- 
Bemewadnad trailings-edge flaps. The stabilators, leading-edge 
pie tradling-edge flaps are capable of differential movement. 

Fil@t inputs are through a conventional control stick 
and rudder pedal arrangement. Closed-loop stability 


augmentation is provided by feedback of pitch, roll, and 
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feeraces, normal and lateral acceleration, and angle-of- 
attack data. These feedback signals are gain scheduled by 
air data and angle-of-attack information to tailor the 
meeamack Signals to the current flight condition. Cross- 
axis control signal interconnects are provided which 

improve control and feedback coordination and reduce inertia 
coupling. Reference 5 should be consulted for a more 
in-depth discussion of the feedback and gain schedule 

design theory. 

Initially, the computer model is to be used for studies 
involving only the "up and away" flight mode, meaning that 
Mmeemsimulated aircraft 15 in a trimmed, stable condition in 
foal flight prior to the initiation of a maneuver. This 
allows the model to be reduced from the full control system. 
The assumptions which were made in reducing the model are 
discussed in Reference 1, however, several will be repeated 
here: 
ieee ine aircraft 1s in the Auto Flaps Up configuration. The 
control law gain schedules used are designed for cruise and 
combat maneuvering flight. The leading and trailing-edge 
flaps are automatically positioned. 

Z. inner loop control is being used. This means that the 
pilot is the source of control inputs through the stick and 
miccders. Outer loop (autopilot) control is not modeled. 
Sainte Control Augmentation System is in use. This is the 


Optimum situation indicating that the digital computers, 


JE at 





feedback sensors, and air data, acceleration, and angle-of- 
attack measurements are all operating Reena line 

Mein, Cxtermal stores, speedbrakes, and anti-spin 
features are not modeled. Active Oscillation Control is 
Mesombett OUt, as it is a function of external store 

Mead ine . 

Tame model thus used is acceptable for simulating the 
full range of combat maneuvering flight of which the F/A-18 
is capable. Take-off and approach/landing phases are not 
Simulated. 

In the McDonnell Aircraft Company's report, F/A-18 
meee CONntrol Electronic Set Control Laws [Ref. 6], the 
software design and nomenclature of the F/A-18 digital 
@emenrol system is described. Those portions which are 
memudced in the model are briefly reviewed below, including 
for completeness the longitudinal portion which was 
miiretssed in Reference 1. Readers desiring in-depth infor- 
feeronm Of the F/A-18 flight dynamics and control system 
macery Of Operation should refer to References 5 and 6. 
GBONGITUDINAL AXIS 
Miemcontrol system consists of the following paths: 

Qo LiGe Plech input 

Celt ecile Gave fecamac k 

o Normal accelerometer feedback 


o Angle-of-attack feedback 
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Pieri taliescdecoupling feedback (roll rate * yaw rate) 

@eerorward loop integrator 
These paths are summed to form the stabilator command. 
Paeege@efor inertial decoupling feedback, all of the paths 
Meemisod aS inputs to the forward loop integrator path, 
fommemereauces the steady-state difference between maneuver 
wommanma and alrcraft response to zero. The signal paths 
are gain scheduled by air data, angle-of-attack, and 
@eecleration functions which are discussed in Chapter III. 
Pmemoatal notch filter is located after the feedback summing 
Junction to attenuate structural vibrations. [In the Auto 
Flap Up mode, gain-scheduled angle-of-attack information is 
used to provide maneuvering flap commands. 
LATERAL AXIS 
Meemeontrol system consists of the following paths: 

Seocick rell input 

Smeexoll rate feedback 

Seecueder pedal interconnect 
The lateral command is formed by the sum of the signal paths, 
which are gain-scheduled similarly to the longitudinal axis 
feeeito., the stick and roll rate paths incorporate digital 
Paeiertiters €O attenuate structural vibration inputs. 
Differential stabilator, and leading-edge and trailing edge 
flap commands are separately gain-scheduled and directed to 
Mier erTespective paths in the longitudinal axis control 


system. 
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DIRECTIONAL AXIS 
Miemeontrol system consists of the following paths: 
oO Rudder pedal yaw input 
o Yaw rate feedback 
Seebateral acceleration feedback 
© Rolling surface interconnect 


* 


o Inertial decoupling feedback (pitch rate roll rate) 
Siemecucaaer command is the sum of structural-filtered, gain 
memeauled feedback signals, and gain-scheduled rudder pedal 
and rolling surface interconnect signals. 

Eeeuacor data trom Reference 5 was not expressed in 
moms Of damping and natural frequency, therefore, data 
that was available on an actuator very much like the F/A-18 
Stabilator actuator was used as a guide. It was decided to 
meremaesecond order model for all of the control surface 
actuators, and to use the same damping ratio and natural 
mecdtuency, 0.7 and 40Hz, respectively, until the data 
Specified in that manner was obtained for the other 
actuators. 

Deereal Tilters ether than the structural filters 
feeeecady mentioned include lag, lead-lag, and integrators. 
mie constants for all of the filters are listed in 
Chapter 16 of Reference 5. Aliasing filters were treated 
as analog filters (s-domain) as they always occur prior to 
Py weonverters. Digital filters used the z-domain 


representation. 
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jciaprer Dil, the modeling methodology by which the 
F/A-18 digital control system as described briefly above 


meemeoued for computer study using CSMP is discussed. 


its 





Pie Ee RoGkaAMeME TLODOLOGY 


The primary source of information used in making the 
computer model was the McDonnell Aircraft Company F/A-18 
memome COntrol System Design Report [Ref. 5]. Figures 
ieeelOo.2, and 16.3 of Reference 5 are the block diagrams 
@eeete Longitudinal, lateral, and directional control 
Mameems, respectively. Chapter 16 of Reference 5 contains 
Seeeriptions of system operation, control law algorithms, 
mmmmeerrcital filter specifications. Since there have been 
Meera! versions of the control laws to date, it should 
Memmoced that the version used in this program is OPV 8.2.1, 
moememt as Of 51 August 1982. 

Beecran modeling began by reducing the control system 
peepee diagrams (Figures 16.1, 16.2, 16.3 of Reference 5) 
memtne £Orms désSired for research. This was done by 
aeemvine the assumptions listed in Chapter II and in 
maecnmemce 1. Next, scheme of labeling the control system 
Baeas was developed. Readers of Reference 1 should note 
mmemene labeling system used there has been changed in 
this program to accommodate the more general nature of the 
memes tiree-axis model. The paths which are modeled are: 

ec wtoreminmuts : pitca, roll, and yaw 

mu re eo: -attaex. feedback 


Dee ae me Ome CCdpacks: piteh, roll, and yaw 
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mewonnal accelerometer feedback 

5. Lateral accelerometer feedback 

weestabilatOrs, symmetrical and differential 

fe Ailerons 

bee Rudders 

ee beading-edge flaps, symmetrical and differential 

Mime trailing-edse flaps, symmetrical and differential 

feemeabelsS and nomenclature for each path are listed below: 


meee! INPUTS 


ae Dimots plech pati 
PR pt © Cmeeorule, Oa ti 
ad pilot yaw path 


Peer -OF-ATTACK FEEDBACK 

AA angle-of-attack path 
ALPHAT eempuceduancle-of-attack 
fee) GYRO FEEDBACKS 


PG pitch rate pyro path 
RG roll rate gyro path 
YG yaw rate gyro path 


on OAT approx. cos (ALPHAT) 

SNA OAT ap GOx stm AREA I) 

Peewee ,cC tilter PZ arguments 
reo, c filter Y3 arguments 
Perral ACCELEROMETER FEEDBACK 

NZ normal accelerometer path 


NZA nz for gain schedule use 


ee 





NZAF MOtecmewmnlc remeltal 12 

NZARI (iaiinascdunea ll rate ov ro parameter 
memo, filter PS arguments 

meeeAL ACCELEROMETER FEEDBACK 

NY lateral accelerometer path 


SOTABILATOR PATH 


Sl Taro Cabmlator spa bl 

DS differential stabilator path 

eZ R ie eOmaiorenmmidi stabtlator path signal 
RST Cronus tabpllator path 


Ro) DEF Tele Seco eherelae ks seers sopel 
bol left stabilator path 
od DEF lenhic Sic elohilevee ie  Gveselhievee sly nl 


AILERON PATH 


AL main aileron path 
YVIR mUCdeL seOmroOlleGrosstecd path 
RAL Geoheedite pon path 


RAL DEF Paotemalleronmumcae: lection 
AL left aileron path 
ec DEF meek Onmacmhect 1 On 


RUDDER PATH 


RD main rudder path 
RSR molest ace to rudder interconnect path 
LRD left rudder path 


LRDDEF left rudder deflection 


iewoeee filter YS arguments 
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LEADING-EDGE FLAP PATH 


be Woltetcadimca-cdce flap path 
DLE (Pie rential leadine-edce flap path 
RLE teal woes We eich seclye arise jeehelel 


Pee DEF Piciimoneddlio-cage flap det lection 
ELE L@wiE Mieeyelipee:erqliers, Sell eijel ofeije) al 
LLEDEF betel cadum -edmwe ttap deflection 


TRALTLING-EDGE FLAP PATH 


aE Mate erathime-edee flap pach 
TE HeencECiimidimerarblinesedce-flap path 
RTE Pieri ine -edce flap pach 


fel DEF Moers edcce alana derlection 

HE Rehr eat eine Cd oe Lan aoa el 

ie DEF fhenemetaoluwince-cdce flap derlection 

meremetlature from the McDonnell Aircraft Company literature 
{[Refs. 5 and 6] has been included where it was deemed 
Mmeamerul for reference. This primarily includes such terms 
ome, RK, YK, PV_, RV_, and YV ; nnese remeonst ants Ot 
Memiadbles which occur at significant points. The terms 

eet dynamic pressure) and PS (static pressure) are also 
maomeeme McDonnell Douglas Aircraft Company literature. 
Carter [Ref. 1] lists and defines some additional terms 
Poem Naye been used in this program, including filter and 
sonstant Nomenclature. The remainder of the terminology 
Meemdeveloped Specitically for this program. Block diagrams 


incorporating the simplying assumptions mentioned 


ro 





Meevaously and using the above notation are included in 
epeladix A. these particular block diagrams are intended 
Same Oo aid in identifying the various terms with their 
MeGation in the diagrams and leave out much of the detail 
mamma in Figures 16.1, .2, .3 of Reference 5. 

Prercte ket. le Chaprer 2il|) gives an excellent des- 
meprion Of the methodology of using CSMP to model the 
Beene diagram elements of Figures 16.1, 16.2, and 16.3 
Meme recrence 5. Some changes haye been made to those 
me@eedures, however: 

—_muicrcontrol law Gain Schedules, referred to 
meeeularly as Function F_, have been removed from nosort 
meamenens. Instead, all of the gain schedules have been 
@emec aS Fortran functions and called as required. This 
meeoe nas removed over 300 lines of code from the CSMP 
Mmueenam, Since Fortran subroutines or functions do not 
G€O0unt against the allowable number of CSMP statements. 
Twenty-four functions have been added for the lateral and 
[meectional axes, in addition to 13 for the longitudinal 


Peems GilScussed in Reference 1: 


FUNCTION DESCRIPTION 

F4 Roll Rate Feedback Gain Schedule (QC,PS) 

F6 Dmererential Stabilator Gain Schedule (RI,PS,RV11) 
F7 Pec ummconnanaduiGainewsenedule (QC ,PS) 

F10 Rudder Command Gain (QC) 

F13 foc ralesGonmana Gain Schedule (R1,PS,STORES) 


Zi) 


F45 
EO 0 
BOS 
F96 


F101 


OS 
et 2 
El 5 


F114 


Rudder Pedal Command Gain Increment (AOA) 

RSRI Gain Schedule (QC,PS) 

Dipeecmeteldi df tlapeGaim Schedule (RI ,PS) 
Weemcrciriaiwte=l. FlapeGain Schedule (AOA) 
Lateral Forward Loop Gain Schedule (AOA) 

Aileron Gain Schedule (QC,PS,RI) 

RSRI Gain Schedule (AOA,RI ,PS) 

Rudder-Roll Interconnect Gain Schedule (AOA) 

Rolls ourrace limit ochedute (AOA. RI) 

RSRI Nonlinear Gradient 

Dirmcctional@perward Loop Gain Schedule (QC,PS) 
balLenrale Acceleration Feedback Gain Schedule (RI ,PS) 
Dieccrc Minnie Ee lageGainn schedule (RI4PS ,NZAF} 
iw habe Gdineschieaule (QC ,PS) 

Ditterential otapilator Load Alleviation (RI,PS, 
NZAF) 

Panpcerionaieimereral Gain Schedule (QC) 

Lateral Acceleration Gain (RI) 

Lateral Acceleration Gain (AOA) 


Rudder Pedal Command Gain Increment (RI) 


Algorithms for the implementaion of the functions are found 


fomcmanter 16 of Reference 5. 


Pueduciicvmaveracers sand rate limiters are modeled 


uSing CSMP macro statements. Thus, all nosort sections have 


“" 


Pe emecliminated from the current 3-axis program. 


Zak 





meer O25 -dxis  Sienal paths for differential stabilators, 
meeamne-edee and trailing-edge flaps have been added. 
Rolling-surface-to-rudder interconnect (RSRI), rudder-to- 
memmienerossfeed, and inter-axis distribution of rate gyro 
Peem@eack Signals have been incorporated. 

fees 1oted in Reference 1, in the longitudinal-only 
fama ction, the stabilators and flaps were modeled for one 
direction of motion only; this constraint has been removed 
Mmomeeme Current 35-axis program. 

Peseripelons of the alcorithms used to implement A/D 
meee Converters, digital filters, aliasing filters, 
limit functions, and actuator servomechanisms are contained 
Maeeererence 1. They are used in the current program 


Pomenout modification. 


ee 





Dee ile Ley ALT DATION 


Miesprocess of validating the computer model of the 
Mewes tlight control system was carried out in two major 
Sueps : 

meeeitidividual block diagram elements were tested using 
Mmeeeable ranges of input values. Digital filter macros, 
meaeceuimiters, frequency averagers, and gain schedule 
Humctions are included here. Carter [Ref. 1] describes 
Mieme@escting Of all of the block diagram elements mentioned 
Mmemimence Cxception of the gain schedule functions relevant 
Mmemede lateral and directional axes, which were individually 
Mmemrried by this researcher exactly as were the gain 
aeamecwle functions used in Reference l. 

feeine entire model was assembled and subjected to 
mies trom the stick, rudder, and angle-of-attack, 
meecrreration, and feedback sensors. The goal of this step 
Pemeeonrverity correct direction of motion of control 
Surfaces in response to unambigous inputs. 

Mmiescmucr as Reference 1 has already discussed the procedures 
emeamresults relevant to Step 1, with the exceptions noted, 
S@emecurrent discussion will involve Step 2. Further, 
Pemecmrctenence | Contains the validation results for 
aecolaton, lteading-edge and trailing-edge flaps due to 


MetCcwminittitses mere the Control surface motion due to roll 





and yaw inputs will be of primary concern. The source 
GueintOrmation used as a reference in comparing model 
Mem@eOrmance to design specification was the McDonnell 
Peeeerart Company F/A-18 Flight Control System Design 
Peperte {Ref. 5]. 
ioe computer model requires the following inputs: 
M—eeaeles pressure (PS) in lb/sq.ft. 
ee iamtie pressure (QC) in lb/sq.ft. 
eet hoOt prtch Input (PPl) in lb. + = aft stick. 
eee lor roll inpue (PRI) an lb, + = right stick. 
eet bOe yaw inpue (PY1) an 1b, + = right rudder. 
Wee itchn rate eyro feedback (PGl) in deg/sec, 
fe eOosce ip. 
fee hOlL) rate gyro feedback (RG1) in deg/sec, 
fo riont’ roid. 
seaeeayw Tace eyro feedback (YGl) in deg/sec, 
+ = right yaw. 


eeeicle-of-attack (AAI1) in deg. 


ieevounal acceleration (NZ!) in “o", + = nose-up motion. 
Meumbdecral acceleration (NY1l) in "se", + = nose-right 
MOnedeOn 


Pemendine On the néed, inputs can be programmed in CSMP as 
Seeneor ramp functions (see Reference 4), or using any 
Peanaard FOrtran fumction such as SIN or EXP, for example. 


Combinations thereof are acceptable, as well. An example 
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SmmeeecesSt roll input consisting of a 61b Tea ees tie kee NOU 
for two seconds followed by a 61b left stick input as 


written in CSMP would be: 
Pie somes trP{O20))- 12.0*STEP(2.0) 


mammeeies PUrpPOSesS Of the tests described in this thesis, 
Bemana QC are held constant through test maneuvers, though 
meeeemcxistS no SUch Constraint in the model. The effects 
Seeearying PS and QC were verified to be correct when each 
Pemeeschedule function was compared to the graphical data 
imenaoter 16 of Reference 5. Rate gyro feedback, angle- 
Seeetecack, and acceleration inputs may currently be pro- 
meammed as described for pilot inputs. However, accurate 
Memmesemtation Of these latter three types of inputs will 
foe POSsible until the F/A-18 aerodynamic build-up by 
meeene! |Reft. Z| and the non-linear equations of motion 
meemimcOrpoOrated into the program. As that time, those 
moms Will be determined by the program and will not be 
Mmempercity Stated. For the tests described here, rate gyro 
merecdoack, angle-of-attack, and acceleration data, when 
ieeessary to Simulate aircraft responses, will be provided 
Seaebest Ouess'' €Stimation of those data, given the pilot 
mou t . 

PiCW@rccomunrescuited tieumis Chapter are based on a time 
feare, OL fOUur seconds per maneuver. Control surface 


Torecrrtonseare im degrees. Static pressure and dynamic 


AS 





Meeeocure inputs are listed on each figure in terms of 
altitude and Mach number. Standard day conditions are 
meee in all cases. Angle-of-attack is occasionally 
INeseed where it plays a significant role in shaping the 
momenol system response. 

mneure 4,1. depicts differential stabilator response to 
feeeeo.0lb lateral stick input. The shift from right to 
ieeemocick takes place at the 2.0 second mark. The per- 
Miremt Sain schedule functions are Functions 6 and 101. 
Mereene Fiven flight conditions and pilot input, the 
meeeebacor response is very close to maximum. The response 


[meeecreased at higher dynamic pressures. 
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Diemer imines Witterenttal Stapilator Response to Roll 


26 





mmeetibew.2. shows differential stabilator response to 
Milmoane input as for Figure 4.1., but with roll rate gyro 
meeonoack added as a ramp type input. This causes the damp- 
Mieeeeect On the stabilator motion. The overshoot caused 
when the input signals are reversed in sign is to some 
Seeeeme Delieved to be an artifact of the programming of 
mmemuell rate feedback input, which only approximates an 
actual feedback input. This phenomena can be noticed on 
Pemenwot the following graphs, as well. 

Meare 4.3. shows differential stabilator motion due to 
meemcaer input. This demonstrates the rudder-to-roll 
mmeeaee CAS interconnect, which is gain-scheduled by 
mumetion 359 using angle-of-attack. A ramp input was used 
Memoimuiate the angle-of-attack signal. 

Pmberon motion due to a +/- 6.01b roll input is 
@epreted in Figure 4.4. Aileron gain schedules are 
lumetions 35 and 36, which accept angle-of-attack and air 
@ata inputs, respectively. Both functions decrease gain 
Mamaincinr Input values increase: in the case of increasing 
Mm@elesor-attack, this is to reduce sideslip; the air data 
gain schedule lessens aileron response at high dynamic 
pressures where aeroelastic effects would otherwise cause 


aileron reversal. 


A 





8 


| 

1 
| 

| 


5. 00 
ef te 
Wr 


Pp . by Fs CK 
iT LEGEND 
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Meine +.2. Ditferential Stabilator Response with 
Roll Rate Feedback 


Micieroll rate feedback 1s added to the aileron roll 
fereeoneit is Seen that a damping effect is present, as it 
mimo pe. This iS Shown in Figure 4.5. Roll rate feedback 
memodin-scheduled by Function 4, which acts to decrease 
meeaodek galn aS dynamic pressure increases. The overall 
iieral control system gain is shaped additionally by 
Simecrons / and 13, using air data inputs. These gain- 
pemeaules do not casily lend themselves to straight-forward 
(=slamaerons Of purpose, indeed, there are certainly multi- 
Meemoumnesese.or Che desien Of these functions. Reference 5 
Bemeorcwcxplieic as comcerns the gain-schedule design 
philosophy. 
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Figure 4.5. 
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Aileron Response to Yaw 


paeoige 47/0. 


miomuiader-toO-nrollesunrface CAS interconnect signal 
Sees an aileron deflection as angle-of-attack is 
M@enmedsed. this effect is shown in Figure 4.6., and is 
pmeerooous to that noted in Figure 4.3. 

At higher dynamic pressures, as noted earlier, aileron 
foes decreased to reduce aeroelastic effects. Differen- 
meomeebcading-edge and trailing-edge flaps are incorporated 
@Gemmaintain an acceptable roll response under these cir- 
Maetances. Differential leading-edge flap motion in 
memeomoe tO a +/- 10.0 lb roll input is displayed in 
Meemre 4.7. At the indicated Mach number, aileron response 
meme = Function 93 soverns the response as a function of 


a@eeadata and normal acceleration inputs. 
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Figure 4.8. Differential Leading-Edge Flap Response to Roll 


with Roll Rate Feedback 


[ieee PpCetcasci1tcer, of roll rate feedback on differen- 


tial leading-edge flap motion is shown in Figure 4.8. The 


Pemoime 1S noticeably less than for the differential 


Mmeromlator and aileron damping observed previously; this is 


feeeeo the inherently higher damping of aircraft rolling 


Moei1on at 
motion is 
responses 
with roll 


data) and 


Mima GmemcosotiEccmwie me Gitrerential flap 
HeChincd mE eaines 4.9. and 4.105 depict similar 
POmoieencmemenaneridhime-cage flaps, without and 
rate feedback, respectively. Functions 31 (air 


Se enhomOt imede «wane tie gain schedules 


Be=Honsible 200 differential trailing-edge flap motion. 
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Mmeeenre 4.9. Differential Trailing-Edge Flap Response to Roll 
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meee 4.10. Dirterential Trailing-Edge Flap Response to Roll 
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LADDEF 


Pectne st. ll ew Rudcep Response to. Yaw 


meeeectional control system responses are made by the 
Peetieeruaders, which do not act differentially in the Auto 
Mmeapeeo mode. Rudder response to a +/- 20.01lb rudder pedal 
mmome iS Shown in Figure 4.11. The gain schedules which 
Pieper thne motion are Functions 10 {air data), 71 (air data), 
peelia (angle-of-attack). Figure 4.12. shows rudder motion 
Mieemertecaback signals are added to the simulation. The 
fempune eftect is the sum of stability axis yaw rate (this 
meeadpack Signal is a blend of yaw and roll rates, and angle- 


@ieeteack data), and lateral acceleration feedbacks. 
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Eeverdal Gain schedules are involved here in shaping 
Reese response to the requirements of sideslip reduction, 
Peewee 1On Of excessive vertical tail loads, inertia 
Sememine reduction, and high angle-of-attack maneuvering 
fetpiity. Reference 5 discusses these considerations. 

Periing Surtace-to-rudder interconnect signal operation 
mememees seen in Figure 4.15. Functions 30 (air data), and 
38 (angle-of-attack and air data) shape this response. 

femitrication of all of the signal paths of the F/A-18 
flight control system in the Auto Flap Up mode has thus 
been accomplished. The gain schedules (Functions) were 
weemeindividually verified prior to incorporation into the 
Seomouter model. 

lite process of model validation has thus been to 
observe model responses to some relatively basic inputs, 
and then to judge these responses as being plausible or not 
feeeieerespect to the data provided in Reference 5. The 
mempmeer model has given logical results as noted in this 
@memeer, and also for a wider range of input signals and 
mepont Conditions than have been discussed here. The 
Pemelusion is that the flight control system model is valid 
mepresentation of the F/A-18 flight control system within 
the range of the simplifying assumptions and limitations 


Meae-ompneyiousliy in Reference | and in this thesis. 
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Veo CUUSLONS eAND RECOMMENDATIONS 


Riewcomputer Simulation of the F/A-18 digital electronic 
flight control system developed here is suitable for further 
usé in aircraft control systems studies. With the inclusion 
Sey e-18 aerodynamics and equations of motion, it will also 
ZencO CXamine Simulated maneuvering flight under condi- 
moms found near or at the accepted flight envelope. Com- 
Meeacive studies may be done of newer control systems 
Memecpts, using the known response as the basis for 
comparison. 

Myo aS Size limitations for several internal para- 
fires, the most pertinent of which are total number of 
program statements (1900), and maximum number of statements 
Mmmm cl yen SOrt section (600). The current program is 
feeerat the latter limit with 599 statements in one sort 
aerron. come statements could be combined to reduce this 
memeer; this 1S not recommended until the user is familiar 
Mmiemeeehne F/A-18 flight control system and its representation 
mere. It is recommended that the aerodynamics and equations 
Sreemotion be written as Fortran subroutines and called at 
the beginning of the dynamic section. This would use only 
two lines, thus only two additional statements would have 
Mme omcomolned tO make the necessary room. There are not 


Perous dividing lines where the current program could be 


oO” 





broken up into more than one sort section, however, users 
experienced in CSMP may find this to be possible when the 


meeeaynamics and equations of motion are incorporated. 





APPENDIX A: MODEL BLOCK DIAGRAMS 
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LATERAL ACCELEROMETER SENSOR PATH 
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95 


(CONT. ) 


linfter 


rall 


rete liniter 





re)2 






G/a converter 
(80 NZ) 








ret3 


rignt afleron 
actuetor 






raicef 





F3I0eF 38 


RUDDER PATH 


SO) + 
rer} 


sampler (40 nz) 


sr 2 


ffliter Ys 


rerd 


42 (rer4) 


Mt 


S10) 


RUDDER PATH (CONT.) 


V Oe 
seapler (40 nz) seapler (40 nz) : . 
We 


xX 


xX 


yv3d 
j ° 
yv3c 


yv3o 


1) Y 
‘liter v1 yv3a f{lter Y2 


a7 





RUDDER PATH (CONT.) 


V7 ¥ V7 


rda2 
ra3 
liafiter 
irdl rrdi 
40 to 60 409 to 80 


everager everacer 





ird2 rrda2 


d/a converter 
(80 mz) 





Irg3 


left cucder 
ectuator 


rignt rudcer 
ectustor 






iraodef rrddef 


28 





LEADING-EDGE FLAP PATH 


rete lf{mfter 










elpnet 


filter Pll 


le2 


seapler (20 nz) 


le2t 


- 


le2ti 





29 to 80 
eversger 





Tiatter (F28) 





le2t2 


le3 


Sy 





LEADING-EDGE FLAP PATH (CONT. ) 


DIFFERENTIAL LEADING-EDGE FLAP PATH 
DN / 
UX 


dlel 3.0 (X) 


Cee CbDend 
(+/-ole2p)) dle2pl 


die2 
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LEADING-EDGE FLAP PATH (CONT.) 


aA 


Viel 


lfaiter 


lle2 


rete lim{ter 





1le3 


linfter 





lled 






G/s converter 
(80 nz) 






Teft 
leading-edge 


flao ectuator 





liedef 
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rie} 
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rie2 


rete lifm{ter 





rie3 


6/@ converter 
(80 nz) 


rignt 
leeding- edce 


flep ectuator 





TRAILING-EDGE FLAP PATH 


f$lter Pt2 
te2 
seepler (20 nz) 


Timf{ter (F25) 
te3 


20 to 80 
everager 
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TRAILING-EDGE FLAP PATH (CONT. ) 
DIFFERENTIAL PATH INCLUDED 


= 
L 


Tintter 
rete liniter Ps | 
= 2 ace 
G/e converter d/a converter 
a 


1te3 rte3 
left rignt 
pee hg ove trati{ng-eoce 
{lao ectusetor flep ectustor 


— 


edo De be DE Ii COMPUTER PROGRAM 


CRAKEAR AE EERE KKK KE REKEKE KE EKER KERR ERK 
te =. 
us F-18 FLIGHT CONTROL LAW SIMULATION 1s 


OHRHKPKEHHREEK EHH ERK EKK EKER EKA KEKE KREKEKEEKEEKE ES 


KHREKKKEKREKKK AKA RKEKKK KKK AERA KE KEK EAE KEKE KEKE 


*EXEXTNTEFGRATING,LAG,AND NOTCER DIGITAL FILTERS *** **% 
HRHKKAK HARPER AHP ERA SKK KKK ASKER KAKA AEK KK RK KK 


tm st te St tt eH OH Ct 


ACKC FCUT=ZINT(FIN,K2,KE, IMP, FOUTZ1) 


FROCEDUR AL 
DR(ISP.NES 160) GO TO 10 
PE(RESP.NC.120) GO 10 10 
DE(TEMES EO.0.0) 2CO IO 10 
POUT=KaSriN + RE SECC Z 1 
FOUTZ1=FOUT 

nom CONTINUE 

ENDEAC 

MACRO FOUT=ZLAG (FIN, KA,KEB,KC,IMP,FIKZ1,FOUTZ1) 
ERCCEDUR AL 
IF (IMNP.NE.] 1.0) GO TC 10 
TF (KEEP. NE.1.0) €C TO 10 
Pee. S06. 0)) GO TO 10 
BOUL=KAS FIN = KE*EINZ 1 + KC#FOUTZ1 
FOUTZI=FOUT 
FINZI=FIN 

10 CONTINUE 

ENDMAC 

eenoe TOUTHEZNOICH (FIN, KA, KE, KC, SD, KE,LME,FINZ1,FINZ2, FOUTZ1, FOUTZ2) 
ERCCELURAL 
Pe(raesNso. 12.0) GC 10 10 
MEAKEEP. Nee i650) CO TO 10 
Une ee GG) 10 10 z 
POUT=K herr hee Re ETEINZ 1) © KRE*FINZ2 = KD*XFOUTZ! = KE*FOUTZ2 
FOUTZ2 = FCUTZ1 
FOUTZ1 = FCOT 
PINZ2Z = FINZ1 
Ne Veaeee Lh 

Oe CONTINUE 

NDMAC 


MRR KKK EK HE RKAKHE KEKE KKK K 


1 

E 

x 

x 

a" poeta RECUENCY ‘2V ERACERS +**2* 
* CREEK KKK EDDA KH SD OK KKK KH 
x 

M 


ACRO Z4O=AV2C40(Z2Z2C,I KF) 
EXCCEEURAL 

LE (KEEP. NES 0) CO) TO 20 
TEC TEME NEO. C) GO 10 5 
Z220Z1=220 
Z4CZ21=Z2C 
CLEL=0.0 
GQ TO 10 

5 teeter. EC. 1.0) GC TO’ 10 
Z4C=Z40Z14DEL 
GO TO 15 

10 Z240=220 
DEL= {220-2202 1) /Z.0 
Zz20Z1=Z2C 
Z2402Z21=Z40 

15 CONTIN VUE 

20 CCNTINUE 

ENDAAC 

MACKBC Z80=AV4080(Z40, IMF) 

PROCEDURAL 

Pr ehe eee NEs le 0) CO TO. 20 
Tr STINE .NE.0.0 GO TO 5 
Z40Z1=Z40 
ZeEeGZ1=Z4C 
DEL=0.0 
GO TO 10 

5 PPCM Peer Ce 0 jeGC. TC 10 
ZEC=Z80Z14+DEL 
GC fO 15 

10 ZE0=Z240 
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